The increase in intracellular free CBz+ ([Ca2+l1) associated with interaction of monocyte chemotactic protein-l (MCP-1) and related chemokines fi with adherent human blood monocytes was investigated at the single-cell level. We used f-MLP as reference chemotactic agent. MCP-1 caused an increase in [Caz+ll in individual adherent monocytes, with 95% of cells responding to the chemokine at 20 ng/mL. Response to MCP-1 was already detectable at 1 pg/mL, whereas at least 5 ng/mL were required for significant chemotactic response. The kinetics of the increase in [Caz+Il were considerably dflerent for MCP-1 compared with f-MLP. MCP-l produced a slow increase of [CaZ+II that reached a plateau in 5 to 7 minutes. On the other hand, the increase of [Ca2+Il induced by f-MLP appeared to be biphasic, with a fast phase peaking after 5 to 40 seconds followed by a slower wave.
to cholera and pertussis toxin, arachidonate and calcium mobilization, and capacity to compete for labeled MCP-1 . I ' The molecular bases for monocyte activation by MCP-1 and MCP-2 are still unknown. The rise in intracellular free Ca2+ [Ca'+Ii, one of the early events that occurs after cell stimulation, plays an important role in phagocyte functions such as locomotion, degranulation, and activation of the oxidative Recent studies have demonstrated an increase of [Ca'+Ii in suspensions of human monocytes stimulated with MCP-1 but not with MCP-2.". '4 This increase is rapid and transient, and it is dependent on the opening of second messenger-operated channels (SMOC). The cloning of two receptors for chemokines p (one promiscuous receptor that binds MCP-1 and other chemokines p, and another one specific for MCP-1) has shown that these receptors belong to the G protein-linked heptahelical receptor fa mil^.'^"' This family includes heptahelical receptors for neurotransmitters, hormones, and chemotactic molecules that, after activation, bring about increased [CaZ+li through the opening of a Ca'' channel and/or by the release of Ca'+ from intracellular stores, mostly dependent on inositol 1,4,5-trisphosphate This study was undertaken to characterize the signaling pathway(s) regulating changes in [Ca'+li by MCP-1 and f-MLP, a prototypic chemotactic peptide that also binds to a heptahelical receptor. This is the first report of single-cell analysis of the interaction of chemokines with target leukocytes. Results obtained indicate that the mechanisms and dynamics of [Ca'+Ii increase in human adherent monocytes are considerably different for MCP-1 and f-MLP. Furthermore, activation by MCP-2 appears to follow a transduction pathway different from that of MCP-1, suggesting the possibility of interaction with a different receptor. 
MATERIALS AND METHODS
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on a 431A solid-phase peptide synthesizer (Applied Biosystems, Foster City, CA) using 9-fluorenylmethyloxycarbonyl (Fmoc) chemistry, purified by reverse-phase high performance liquid chromatography (HPLC), followed by folding and disulfide bridge formation." FLTRA-2 acetoxymethylester (FURA-2AM; Sigma Chemical CO, St Louis, MO) was dissolved in acetone, dessicated in aliquots, and stored at -20°C in the dark. Just before use, the dye was redissolved in dimethyl sulfoxide (DMSO) to a concentration of 1 mmoVL. Ionomycin (Calbiochem, San Diego, CA) and thapsigargin (Sigma) were dissolved in DMSO. A balanced salt solution (129 mmoVL NaCI, 2.8 mmoVL KCI, 0.8 mmoVL K H 2 P 0 4 , 2 mmoVL CaCl,, 8.9 mmoVL NaHC03, 0.8 mmoVL MgClz, 5.6 mmoVL glucose, 10 mmol/L HEPES, adjusted to pH 7.4) was used as bathing medium for [CaZ+li experiments. The Ca2+-free buffer was obtained by adding 10 mmoVL EGTA (Na+ salt). All chemicals and tissue culture media were from Sigma, unless otherwise indicated. Pertussis toxin (PTox) was a gift from Drs Rino Rappuoli and Costante Ceccarini (IRISBiocine, Siena, Italy); cholera toxin (CTox) was from Calbiochem.
Monocytes. Mononuclear cells were prepared from heparinized blood of healthy volunteers (courtesy of Croce Rossa, L'Aquila, Italy) by centrifugation on FicolVHypaque (Pharmacia LKB, Uppsala, Sweden). Mononuclear cells were washed once with saline and twice with RPMI 1640 medium (Gibco, Paisley, UK), then resuspended at 2 X lo6 to 4 X lo6 cells per milliliter in complete medium (RPMI 1640 supplemented with 5% heat-inactivated fetal bovine serum; Hyclone, Logan, UT), layered on 25-mm diameter round glass coverslips (placed in 35-mm diameter Petri dishes), and incubated for 15 minutes at 37°C in humidified atmosphere with 5% CO2. Nonadherent cells were removed by washing, and adherent cells were cultured in 2 mL complete medium for 4 to 6 hours before the experiment. More than 92% of adherent cells were monocytes by morphologic examination on slides stained with Diff-Quik (Baxter, Dudinger, Switzerland). , due to opening of intracellular stores?' MCP-1 or f"LP was added 2 to 3 minutes later, when [Ca2+Ii levels had decreased to baseline. Treatment with 3,4,5-trimethoxy benzoic acid 8-(diethylamino) octyl ester (TMB-8; 500 pmoVL; Sigma) was performed for 30 minutes at 37°C together with FURA-2AM. Cells in Ca2+-free buffer (ie, after addition of 10 mmoVL EGTA) showed, as expected, decreased [Caz'Ii, to 55 2 3 n m o a (n = 12). Cells were pretreated with PTox or CTox (at the optimal dose of 1 pg/mL) for 90 minutes at 37°C and washed before loading with FURA-2AM. Viability of adherent monocytes was always greater than 98%, as assessed by trypan blue dye exclusion after adherence, after loading with WRA-2AM. and at the end of the experiment. No morphologic heterogeneity was ever observed among adherent monocytes on coverslips at any experimental point.
Measurement of cytosolic calcium concentration. Coverslips were then washed three times, mounted on a temperature-controlled holder (Medical System Corp, Greenvale, NY), and covered with 1 mL bathing medium. Chemokines or f-MLP were properly diluted in phosphate-buffered saline (PBS) and added to the bathing medium in a volume of 10 pL. In some experiments, 20 ng of boiled MCP-1 was added to cells to assess possible nonspecific effects. Temperature was maintained at 37°C throughout the experiment.
The assembly was positioned on the stage of a Zeiss Axiovert 135 epifluorescence microscope (Okerkochen, Germany), equipped with fluorescence optics and dichroic mirror (400 nm cut-off wavelength) appropriate for WRA-2 fluorescence. FURA-2 was excited at 350 nm and 380 nm every second by alternating between two xenon light sources, which converge into the microscope through a coaxial fiber optic bundle. FURA-2-emitted fluorescence was filtered between 510 nm and 530 nm by barrier filters and monitored using a CCD camera (CCD72; Dage MTI, Michigan City, IN) 
RESULTS
Cytosolic [CU~']~. MCP-1 and the related chemokine MCP-2 induced migration of human blood monocytes in a dose-dependent manner. Maximal migration was observed at 10 to 20 ng/mL, with at least 5 ng/mL necessary for significant migration (data not shown). The increase of [Ca2'li, one of the first events that occurs after interaction of MCP-l with monocytes, has been studied at the singlecell level in human blood monocytes isolated by adherence. plateau after 5 to 7 minutes and remained elevated for at as percent of baseline value. PBS is the vehicle. P < .W versus PBS least to minutes (Fig lA) . A latency time of to control for MCP-1 a t and above 0.1 pglmL.
minutes between agonist addition and increase in [Ca"], Table 1) . Role of Ca2+ channels. To investigate the mechanism by which MCP-1, as compared with f"LP, increases [Ca2+li in adherent monocytes, experiments were performed in the presence of cations (Cd2+, Ni") that block Ca2+ channels. As shown in Fig 2C and in Table 2 , addition of cations did not affect the first increase of [Ca2+Ii induced by f-MLP, whereas it prevented completely the second one. On the other hand, cations diminished but did not abolish the MCP-1 -induced increase in [Ca2+Ii (Fig IC, Table 2 ). This reduction included both decreased Ca" induction in 60% to 70% of cells and full block of response in the remaining cells ( Table 2) . Identical results were obtained with Ba", a competitive inhibitor of Caz+ entry through channels (data not shown). Thus, the increase in [CaZ+li induced by MCP-1 is apparently the result of both Caz+ influx across membrane channels (which is blocked by cations) and release from intracellular stores (not inhibited by cations). Consistent with the hypothesis of the presence on the monocyte membrane of a Ca" channel opened by MCP-1, the chemokine could induce only a partial increase of [Caz'li in monocytes kept in medium with 10 mmoVL EGTA (concentration necessary to obtain zero extracellular Ca*'; Fig lD, Table 2 ). When monocytes were stimulated with f-MLP in Ca2'-depleted medium, the intracellular Ca2' increase induced by f-MLP consisted only of the first fast peak, whereas the second wave was completely abolished (Fig 3D, Table 2 ).
Role of intracellular Ca2+ stores. The possibility that part of the MCP-1 -induced increase in [Ca2'Ii could be due to release of ions from intracellular stores has been investigated. The effect of MCP-1 has been measured in the presence of thapsigargin, a sesquiterpene lactone that empties intracellular Ca" stores and inhibits re-uptake by blocking the Ca2+-adenosine triphosphatase (ATPase)?' As shown in Figs 1B and 4 , the increase in [Ca2+Ii induced by MCP-1 was only partially inhibited by thapsigargin. However, in monocytes treated with thapsigargin in the presence of Ni2+ (to inhibit Ca2+ channels), the MCP-1-induced increase in intracellular Ca2' was completely blocked (Fig 4) . Table 1 shows also that the MCP-1-induced increase in [Ca2+], was inhibited by PTox, whereas CTox could not significantly affect the response to the chemokine. On the other hand, it has been shown that chemotaxis of monocytes in response to the related chemokine MCP-2 was selectively sensitive to CTox." In agreement with this observation, increased [Ca2+Ii in adherent monocytes in response to MCP-2 was not affected by PTox, but it was significantly inhibited by CTox (Table 1) . with f-MLP, to activate monocyte functions other than chemotaxis. Data reported here suggest that MCP-I increases [CaZ+li in human monocytes via a mechanism involving both extracellular Ca2+ influx through a membrane channel and release of Ca" from intracellular stores. Increase of [Ca2+Ii has been already reported in human monocytes in suspension in response to MCP-I and other chemokines and it was suggested that it could be entirely due to the opening of a ~hanne1.I~ By single-cell analysis, however, and in conditions of inhibition of extracellular Ca" influx (Ni2+, Cd2+, Ba2+, EGTA), the rise in cytosolic Ca2+ induced by MCP-l was fully blocked only in a fraction of the observed monocytes (0 to 40%), whereas it was inhibited, but not abolished, in the majority of cells (60% to 100%). Thus, the MCP-1- Results obtained by single-cell analysis of intracellular Ca2+ levels indicate heterogeneity of responsiveness to MCP-l in the adherent monocyte population that could not be accounted for by morphologic heterogeneity of cells or by differences in cell viability. Indeed, monocytes possess at least two distinct receptors for MCP-1,I5"' whose distribution on monocyte subpopulations and mechanism of signal transduction are still to be elucidated. In this study, MCP-I induced a dose-dependent increase in [Ca2+Ii in single adherent monocytes, with the detection of a significant response at doses of MCP-1 (0.1 pg/mL) several orders of magnitude lower than those necessary for fluorimetrical Ca2+ detection in monocyte suspensions (about 1 ng/mL).I4 In agreement with previous reports on the heterogeneity of human monocyte response to chemotactic stimuli,26 adherent monocytes may represent a subpopulation enriched for responsiveness to chemokine stimulation. However, in preliminary comparative experiments, no difference was evident in the fluorimetrical measurement of [Caz+Ii increase induced by MCP-1 between monocytes in suspension and adherent cells (data For personal use only. on August 30, 2017 . by guest www.bloodjournal.org From not shown). This suggests that selection of adherent monocytes does not account for the ObSeNed differences of response to MCP-1 in the single-cell measurement, but that the single-cell analysis allows a more precise and sensitive determination of Ca2' fluxes by detecting even small variations in a limited percentage of cells within the population examined. Many of these data could be lost in the fluorimetrical analysis, which only gives the mean response of the whole population.
At variance with MCP-1, the f-MLP-induced [Ca2+], increase was detectable in the majority of cells as a biphasic trace, consisting of a first, fast phase followed by a slower increase (Fig 2A) . From previous data on human leukocytes, the first phase of [Ca2'Ii increase is apparently due to phospholipase C (PLC)-dependent release of Ca" from IP3-sensitive intracellular pools, whereas the second phase is dependent on external Ca2', likely due to Ca" influx through a ~h a n n e l .~~-~~ These data have been confirmed in single-cell recordings, with complete inhibition of the second [Ca2'Ii increase in the presence of EGTA or of Ca2' channel blockers. In contrast, the first phase of f-MLP-induced [Caz+Ii increase is not affected by inhibition of external Ca" influx, suggesting that, indeed, it depends on the release from intracellular pools. Using thapsigargin, an agent that empties the intracellular stores and inhibits re-uptake by blocking the CaZ+-ATPase,2' it was possible not only to confirm the notion that the first-phase influx is, in fact, due to release from stores but, most notably, to indicate that opening of the channel is a consequence of the emptying of intracellular Ca" pools, in agreement with previous indications on neut r o p h i l~.~~ In fact, Ca" depletion from intracellular stores with thapsigargin could completely inhibit both the first (store-dependent) and the second (channel-dependent) increases in [Ca''],.
The effect of MCP-1 on [Ca2'Ii in single adherent monocytes has been compared with that of MCP-2. It was previously shown that MCP-2 may activate monocytes through pathways clearly distinct from those used by MCP-l and MCP-3, despite their high sequence similarity, and that it was unable to elicit [Ca2'], increase.'*" By single-cell [Ca2'Ii recordings, the relative unresponsiveness of monocytes to an optimal chemotactic concentration of MCP-2 was evident, but it was clear that a consistent number of cells (40%) could react to MCP-2 with a low but significant increase of [Ca' ' ] ,. This increase could be inhibited by CTox but was resistant to PTox, in contrast with the MCP-l-induced increase in [Ca2'li, which was blocked by PTox and relatively unaffected by CTox. This indicates that different G proteins are involved in the mechanisms of signal transduction initiated by MCP-1 and MCP-2, suggesting the possibility that the two chemokines may bind to distinct receptors.
TO our knowledge, the results reported here provide the first analysis of the interaction of chemokines with target leukocytes at the single-cell level. Single-cell analysis revealed that Ca" fluxes elicited by MCP-l in human monocytes depend on the opening of a Ca2+ channel (possibly SMOC) and on the release from intracellular stores. AIthough the molecular bases of these mechanisms remain conjectural at present, one can speculate that binding of MCP-1 to its receptor would induce a second messenger, responsible for both the opening of a Ca" channel and, possibly, for activation of PLC. PLC-generated I P 3 would in turn be responsible for the release of Ca" from cytosolic stores." MCP-2, a member of the chemokine P family highly homologous to MCP-l, activates adherent monocytes through a clearly distinct mechanism, as judged by its relative inability to induce [Ca' ' ], increase and by the involvement of different G proteins. This suggests the existence of specific receptors for MCP-2, distinct from those used by MCP-1 and MCP-3, that initiate cell activation through a different signalling pathway. On the other hand, Caz+ elevation induced by chemokines P (MCP-1, MCP-2) differs considerably in terms of dynamics and mechanisms from that induced by the classic prototypic chemoattractant f-MLP, where initial Ca" mobilization from intracellular stores is apparently responsible for the subsequent opening of a Ca2' channel. The use of a somewhat different transduction pathway by the endogenous chemoattractants, the chemokines, may underlie a division of the labor whereby these molecules, unlike the bacterial attractants mimicked by f-MLP, mediate mainly attraction and recruitment, while full functional activation is regulated by other mediators.
